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ABSTRACT We propose and investigate a joint transmitter–receiver spatial modulation (JSM) scheme,
which transmits information by jointly exploiting the indices of transmit antenna patterns, the indices
of receiver antennas, and amplitude–phase modulation. The proposed JSM is capable of simultaneously
achieving transmit diversity, receive diversity, andmultiplexing gain. In order to facilitate the implementation
of the JSM with different reliability-complexity tradeoff, two types of detectors are introduced, which are
the maximum-likelihood detection (MLD) and the proposed sub-optimal detection (SOD), including a two-
stage SOD and a three-stage SOD. In order to gain insight into the characteristics of the JSM, we analyze
the approximate and asymptotic average bit error probability of the JSM systems employing MLD, when
regular-scale and large-scale JSM systems are, respectively, considered. Finally, the performance of the JSM
systems is investigated with the aid of both simulation and numerical evaluation of our derived formulas.
Our studies show that the JSM employs a high flexibility for implementation and online configuration, so as
to adapt to the communications environments and to attain the best possible performance.

INDEX TERMS Multiple-input multiple-output (MIMO), spatial modulation, transmitter preprocessing,
signal detection, average bit error probability, asymptotic analysis.

I. INTRODUCTION
By activating one or a fraction of transmit antennas (TAs)
in a multiple-input multiple-output (MIMO) system, spatial
modulation (SM) [1], [2] employs a range of advantages
over the conventional MIMO transmission schemes, such as,
VBLAST [3], STBC [4], etc. The basic principle of SM is
that the degrees of freedom in the spatial domain are directly
exploited for information modulation [5]–[11]. For example,
space-shift-keying (SSK) modulation [5]–[8] only exploits
the indices of TAs for information modulation. It has the
advantages of low transceiver implementation-complexity
and high energy-efficiency. However, as only the degrees of
freedom in the spatial domain are exploited for information
modulation, the spectral-efficiency of SSK is relatively low
in contrast to the other types of MIMO schemes [9]–[18].
By contrast, SM schemes [9]–[11] make use of both the
indices of TAs and the conventional amplitude-phase modu-
lation (APM) for information modulation, in order to achieve
a good trade-off between spectral- and energy-efficiency.

Following the principles of SSK and SM, there are vari-
ous SM-based schemes proposed in recent years [12]–[18].
As some examples, by combining SM with trellis coding and
STBC, the trellis-coded SM and STBC-based SM have been
respectively proposed to achieve coding gain and transmit
diversity [12], [13]. In [14], an adaptive spatial modulation
scheme has been designed by proposing a modulation order
selection algorithm. Renzo and Haas [15] have analysed in
detail the error performance of SM systems, when various
fading channels are considered. To improve the spectral-
efficiency of SM, the generalised spatial modulation has been
proposed in [16], which activates multiple TAs and simulta-
neously transmits several APM symbols. In [17], a quadra-
ture spatial modulation has been proposed by extending the
spatial constellation to both the in-phase and the quadra-
ture dimensions. Additionally, differential SM (DSM) has
been proposed in order to free from the channel estimation
at receiver [18], which further simplifies the receiver and
reduces the pilot overhead for channel estimation.
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All the SM schemes mentioned so far exploit the indices
of TAs for information modulation. Alternatively, the receive
spatial modulation schemes [19] make use of the indices of
receive antennas (RAs) for information modulation. As in the
receive spatial modulation, transmitter precoding is usually
employed, the scheme has originally been referred to as the
precoding-aided SM (PSM) [20], which uses precoding, such
as zero-forcing (ZF), minimum mean-square error (MMSE),
etc., to focus transmitted energy on aRA selected by the trans-
mitted information. Similar to the generalised spatial modu-
lation [16], we can design a generalised PSM (GPSM) [21],
which simultaneously activates multiple RAs for infor-
mation delivery. Furthermore, in [22], the capacity and
achievable rate of the GPSM systems have been analysed,
when either the joint optimal detection or the decoupled
sub-optimal detection is employed. In the PSM/GPSM
systems [19]–[22], linear precoding is usually employed
to facilitate low-complexity implementation of transmitters.
By contrast, in [23], a non-linear precoding aided GPSM
scheme has been proposed in order to improve the error
performance of the GPSM.

More recently, the concept of PSM has been applied and
extended by different research works [24]–[28]. Specifically,
Zheng [24] have proposed a receive-antenna subset selection
algorithm, in order to facilitate the application of PSM in the
MIMO systems, where the number of RAs is larger than that
of TAs. Following the principles of DSM, the precoding aided
DSM (PDSM) has been proposed in [25], so as to reduce
the implementation complexity of the PSM detector. Upon
applying respectively the PDSMandDSM to the first and sec-
ond hops of a virtual MIMO [19], a hybrid DSM-aided relay
transmission scheme has been proposed and studied in [26].
Furthermore, in order to improve the spectral-efficiency of
the GPSM-assisted downlink multiuser MIMO, a gener-
alised space-modulation aidedmultiuserMIMO transmission
scheme has been proposed in [27]. Additionally, in [28],
as a variant to the PSM, a virtual spatial modulation scheme
has been proposed and analysed, which exploits the indices
of the virtual parallel channels, obtained from the singular
value decomposition of the MIMO channel, for information
modulation.

In the existing PSM or receive spatial modulation schemes,
typically, the number of TAs is required to be higher than
the number of RAs in order to facilitate the implemen-
tation of precoding. Usually, all the TAs are activated to
emit preprocessed signals, while all the RAs are utilised to
encode information. Hence, conventional PSM schemes do
not achieve multiplexing gain as well as receive diversity
gain. Additionally, when a big number of TAs is equipped
by the transmitter of a PSM-assisted massive MIMO system,
the cost for signal preprocessing can become extreme and
impractical. In this case, a TA subset based PSM design
would be beneficial to the practical implementation, which
can also provide multiplexing gain. This is because the
indices of the TA subsets can be exploited for transmitting
additional information in the space domain. By doing so,

the advantages of both the SM and PSM can be attained by a
single MIMO system.

Inspired by the above, in this paper, we propose a joint
transmitter-receiver spatial modulation (JSM) scheme, which
divides TAs into a number of subsets for supporting the
preprocessed APM. Therefore, in the JSM, the indices of
transmit patterns and the indices of RAs are jointly utilised
to modulate information in the space domain, in addition to
the APM. To elaborate it further, the main contributions of
our paper can be summarised as follows.

1) A novel JSM scheme is designed for signal transmis-
sion in the MIMO systems, where the number of TAs
is assumed to be significantly higher than that of RAs.
In the proposed JSM, the TAs are divided into subsets,
and information is jointly transmitted by the indices
of transmit patterns, the indices of RAs as well as
APM, which are referred to as the TSM, RSM and
APM, respectively. In our JSM system, transmit diver-
sity is attained by employing a precoding strategy. By
contrast, receive diversity is explicitly achieved by the
employment of redundant RAs, with the aid of properly
designed detection algorithms. It can be shown that our
JSM is capable of achieving transmit diversity gain,
receive diversity gain, as well as multiplexing gain.

2) To satisfy different levels of requirements on reli-
ability and complexity, two types of detectors are
investigated in this paper. Firstly, we introduce the
maximum-likelihood detection (MLD), which is capa-
ble of achieving the optimal detection performance
but at the highest complexity for implementation. Sec-
ondly, we propose two sub-optimal detection (SOD)
algorithms, namely the two-stage SOD and three-stage
SOD, in order to achieve low-complexity detection.
In both the SODs, the RSM symbol is first detected.
Following the detection of the RSM symbol, if the two-
stage SOD is employed, an optimal search algorithm
is implemented to simultaneously detect the TSM and
APM symbols at the second stage. By contrast, when
the three-stage SOD is employed, the second stage
detects the APM symbol, while the TSM symbol is
detected at the last stage. Our studies show that the
three-stage SOD has the lowest detection complexity,
but also the worst detection performance among the
three detectors considered.

3) In order to gain the insights into the achievable per-
formance of the JSM systems, we analyse the average
bit error probability (ABEP) of the JSM systems with
the MLD. In our analysis, both regular-scale MIMO
and large-scale MIMO are considered. In the case
of regular-scale MIMO, we assume that the number
of TAs is limited, and derive the approximate ABEP
expressions by deriving the union-bound [29] with
the aid of the Gamma approximation (Gamma-Ap).
By contrast, the large-scale MIMO assumes an unlim-
ited number of TAs activated. Based on this assump-
tion, we derive the asymptotic ABEP expression by
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FIGURE 1. An illustration of the proposed JSM system.

introducing both the large-scale approximation and the
Gamma-Ap.

The rest of this treatise is organised as follows.
In Section II, we describe the implementation procedures
of the proposed JSM, and the signalling models. Section III
describes the transmitter preprocessing. This is followed by
the detection algorithms detailed in Section IV. Section V
analyses the ABEP of the JSM systems employing MLD.
Simulation and numerical results are depicted and discussed
in Section VI, whilst our conclusions are summarised in
Section VII.
Notations: Throughout the paper, boldface upper-case and

lower-case letters represent matrices and vectors, respec-
tively. The superscripts {}H , {}T and {}∗ stand for the matrix
Hermitian transpose, transpose and conjugate, respectively,
while {}−1 is used to denote the inverse of a matrix. bxc
denotes the maximum integer less than x. E[·] and Tr(·)
denote respectively the statistical expectation and square-
matrix trace operators. IIIM represents a identity matrix of
M -dimension. <{·} gets the real part of a complex variable;
‖·‖ denotes the Euclidean norm of a variable vector. | · | takes
the cardinality of a set or the modulus of a complex variable
depending on the associated situation.

II. SYSTEM DESCRIPTION AND SIGNALS MODELLING
The JSM system considered consists of a Mt -antenna trans-
mitter and a (Mr+D)-antenna receiver, under the assumption
that Mt/2 ≥ Mr ≥ 2, and D ≥ 1. Let the (Mr + D) × Mt
MIMO channel matrix be expressed as W = [HT ,GT ]T ,
where H = [h1,h2, . . . ,hMt ] ∈ CMr×Mt and G =

[g1, g2, . . . , gMt
] ∈ CD×Mt denote, respectively, the channels

from the Mt TAs to the first Mr RAs and that from the Mt

TAs to the remaining D RAs. At the receiver, we assume
that the first Mr RAs are utilised for information delivery,
while the rest D RAs are used to achieve receive diversity,
hence referred to as diversity antennas. We assume that, for
the purpose of implementation of transmitter preprocessing,
the transmitter employs the channel state information (CSI)
of H , while the whole CSI of W is only known to the
receiver. The schematic diagram for the JSM system is
illustrated in Fig. 1, which is explained in detail below.

A. PRINCIPLES OF JSM SYSTEMS
In our JSM system, the transmission of an Mm-ary APM
symbol Sk (k ∈ {1, 2, . . . ,Mm}) is implemented by activating
a subset of theMt TAs, which emit the preprocessed signals,
in order that the transmitted APM symbol Sk is received only
by one of the Mr RAs. Therefore, the indices of transmit
and receive-antenna patterns are both exploited to bear addi-
tional information. To bemore specific, the JSM transmission
scheme can be elaborated as follows. As shown in Fig. 1,
at the transmitter side, the bitstream is first split into data
symbols of each containing bJ = bt + br + bm binary bits.
After the serial-to-parallel conversion, each data-symbol is
further divided into three parallel sub-symbols of bt , br and
bm bits, which for convenience are referred to as the transmit
SM (TSM) symbol, receive SM (RSM) symbol and APM
symbol, respectively. Among these three sub-symbols, the
TSM symbol of bt bits determines the transmit pattern given
by activating a specified group of TAs. TheRSM symbol of br
bits is used to select the index of one of theMr RAs. Finally,
with the aid of the transmitter preprocessing, the APM sym-
bol of bm bits is sent by the activated group of TAs, and
received by the RA selected from the Mr RAs for RSM as
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well as by the other D diversity antennas. Therefore, at the
receiver, the objective of detection is to identify the activated
transmit-antenna pattern, the activated antenna index among
the Mr RSM antennas as well as the APM symbol, in order
to detect the bJ (= bt + br + bm) bits.

In more detail, we assume that the TAs are spatially
grouped to form bMt/Msc transmit patterns, and each trans-
mit pattern contains the sameMs number of antennas. Specif-
ically, the ith, i ∈ {1, 2, . . . , 2bt }, transmit pattern consists of
the antennas with the indices of {(i− 1)Ms + 1, (i− 1)Ms +

2, . . . , iMs}. We assume that Mr ≤ Ms ≤ Mt/2. Let Tp be a
set which includes all the possible transmit patterns. Hence,
we have

∣∣Tp∣∣ = bMt/Msc, and the number of bits carried
by the transmit patterns is given by bt =

⌊
log2 (Mt/Ms)

⌋
.

Furthermore, given Mr RAs for RSM and constellation size
ofMm for APM, the total number of bits transmitted per JSM
symbol can be expressed as

bJ =
⌊
log2 (Mt/Ms)

⌋︸ ︷︷ ︸
bt

+
⌊
log2 (Mr )

⌋︸ ︷︷ ︸
br

+
⌊
log2 (Mm)

⌋︸ ︷︷ ︸
bm

. (1)

Our JSM can be regarded as a PSM scheme [20] based
on subsets of TAs. However, the JSM also uses the trans-
mit patterns to convey extra information, in addition to the
information by the RAs’ indices and that by the APM in the
PSM scheme. Let us use an example to show the possible
configurations. Let Mt = 6, Ms = 2, Mr = 2, and
Mm = 4 (QPSK). Then, we have

∣∣Tp∣∣ = 3 transmit patterns
available, which are Tp = {[1, 2], [3, 4], [5, 6]}. Hence, the
JSM scheme can deliver in total 4 bits of information per
symbol, while the PSM scheme [20] can only convey 3 bits
per symbol.

Notice from the above example that, the available
transmit patterns can not all be activated for information
transmission. Therefore, the transmit patterns can be opti-
mised to improve the performance. In the above exam-
ple, we can change to use the transmit patterns of Tp =
{[1, 2, 3], [4, 5, 6]}, which results in transmit diversity as,
in this case, Ms(= 3) > Mr . Alternatively, we can choose
two best from the three transmit patterns, which also yields
transmit diversity. In this paper, if the above situation occurs,
we simply assume random selection and denote Te =
{Tp (1) , Tp (2) , Tp (3) , . . . , Tp(2bt )} as the set of transmit
patterns selected. The optimisation of transmit patterns is left
to our future research. Note furthermore that, the transmit
patterns in our JSM scheme are deliberately selected to be
orthogonal. Explicitly, non-orthogonal transmit patterns can
also be used. However, using non-orthogonal transmit pat-
terns makes a trade-off for the detection performance due to
the added interference.

B. REPRESENTATION OF TRANSMITTED AND
RECEIVED JSM SIGNALS
When the ith, i ∈ {1, 2, . . . , 2bt }, transmit pattern is acti-
vated, we express the corresponding channel matrix asW i =

[HT
i ,G

T
i ]
T , where H i = [hi,1,hi,2, . . . ,hi,Ms ] ∈ CMr×Ms

and Gi = [gi,1, gi,2, . . . , gi,Ms
] ∈ CD×Ms , while hi,ms and

gi,ms (ms ∈ {1, 2, . . . ,Ms}) are theMr - and D-length channel
vectors from the msth TA of the ith transmit pattern to the
first Mr RAs for RSM, and the remaining D diversity anten-
nas, respectively. Accordingly, the transmitter preprocessing
matrix is expressed as P i = [pi,1, pi,2, . . . , pi,Mr

],1 where
P i ∈ CMs×Mr is normalised to satisfy the power constraint
of Tr(P iPHi ) = Mr . After the preprocessing, the transmitted
signal vector can be represented as

xijk = P iejSk , (2)

where j ∈ {1, 2, . . . ,Mr } denotes the index of the receive
antenna selected by the br -bits RSM symbol, ej is the jth
column of IMr , and Sk is the APM symbol. We assume that
the APM symbols are normalised to have unit average power,
i.e., E[|Sk |2] = 1.
When xijk is transmitted over the MIMO channel, as seen

in Fig. 1, the observations obtained at the Mr RAs for RSM
and the D diversity antennas can be respectively formulated
as

ys = H ix
ij
k + zs = H iP iejSk + zs, (3)

yd = Gix
ij
k + zd = GiP iejSk + zd , (4)

where zs ∈ CMr×1 and zd ∈ CD×1 are zero-mean cir-
cularly symmetric complex Gaussian noise vectors, whose
covariance matrices are σ 2IMr and σ

2ID, respectively. When
combining (3) and (4), we have the presentations of

y = W iP iejSk + z, (5)

where by definition, y = [yTs , y
T
d ]
T , W i = [HT

i ,G
T
i ]
T , and

z = [zTs , z
T
d ]
T .

Let us below consider the transmitter preprocessing
schemes for deriving P i.

III. TRANSMITTER PREPROCESSING FOR JSM SYSTEMS
For a given transmit pattern, such as, the ith transmit pattern,
the objective of preprocessing is the same as that for the
original PSM system [20]. It is designed to ensure that the out-
put power of the intended RA for RSM is maximised, while
the power leakage on the other (Mr − 1) undesired RAs for
RSM is minimised. To this end, we directly adopt two canon-
ical transmitter preprocessing strategies considered in [20],
namely the transmitter zero-forcing (TZF) preprocessing and
transmitter minimum-mean-square-error (TMMSE) prepro-
cessing, while focusing our attention on the novel issues of
the JSM systems.

As detailed in [20], when the TZF is employed, the prepro-
cessing matrix is formulated as

P i = ηiHH
i

(
H iHH

i

)−1
, (6)

1Since the transmit pattern varies with the bt bits of information transmit-
ted, the matrix Pi designed based on the channel state information (CSI) of
H i is different, when different bt bits of information is transmitted.
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where ηi =
√
Mr/Tr[(H iHH

i )
−1] is for power normalisation.

By contrast, when the TMMSE is employed, we have

P i = ηiHH
i

(
H iHH

i + βIMr

)−1
, (7)

associated with ηi =
√
Mr/Tr[(H iHH

i + βIMr )−2H iHH
i ].

In (7), the regularisation factor β is given by β = Mrσ
2,

when TMMSE is employed.
Note that, in general, β in (7) can be set to any positive

value, forming a generalised linear transmitter preprocess-
ing (GLTP). In this case, both the TZF and TMMSE can be
treated as the special cases of GLTP. From (6) and (7) we
are implied that the performance of the TZF and TMMSE
converges, as the signal-to-noise ratio (SNR) increases, i.e.,
as σ 2

→ 0. Furthermore, as shown in [20] and also the
principles of TZF and TMMSE, the BER performance of the
TZF is always worse than that of the TMMSE in the low-
to-moderate SNR ranges. In other words, the BER given by
the TZF constitutes an upper-bound for the BER of the GLTP
of (7). Therefore, for brevity, we consider only the TZF in our
forthcoming derivation and analysis.

IV. DETECTION ALGORITHMS FOR JSM SYSTEMS
In this section, we propose two types of detectors for the
JSM system, which are the optimal maximum-likelihood
detection (MLD) and the sub-optimal detection (SOD), when
assuming that full CSI is known to the receiver. The differ-
ence between the two types of detectors is that the MLD
carries out joint detection, while the SOD detects the spatial
and APM symbols separately. Hence, the MLD is capable of
achieving better error performance than the SOD, but at the
cost of higher detection complexity.

A. MAXIMUM-LIKELIHOOD DETECTION
In order to derive the MLD, we first re-formulate the signals
observed at the Mr + D RAs. Specifically, when the TZF is
employed by the JSM system, by substituting (6) into (3)
and (4), the observations from the Mr RAs for RSM and D
diversity antennas can be written as

ys = ηiejSk + zs, (8)

yd = Gix
ij
k + zd = Gipi,jSk + zd , (9)

where pi,j is the jth column of the preprocessing matrix P i
given by (6).

Given that full CSI is known to the receiver, the optimal
MLD provides the estimates to the TSM, RSM and APM
symbols by solving the optimisation problem:〈
î, ĵ, k̂

〉
= argmin

ĩ∈I, j̃∈J , k̃∈K

{∥∥∥y−W ĩP ĩej̃Sk̃
∥∥∥2}

= argmax
ĩ∈I, j̃∈J , k̃∈K

{
2<
{
yHW ĩpĩ,j̃Sk̃

}
−

∥∥∥W ĩpĩ,j̃Sk̃
∥∥∥2}, (10)

where y is given by (5) with the components given by (8)
and (9), I = {1, 2, . . . , 2bt }, J = {1, 2, . . . , 2br }, and
K = {1, 2, . . . , 2bm}, while 〈î, ĵ, k̂〉 represent the estimates
to the indices of the TSM, RSM and APM symbols. Upon
applying (8) and (9), we can simplify (10) to〈
î, ĵ, k̂

〉
= argmax

ĩ∈I, j̃∈J , k̃∈K

{
2<

{
ηĩy
∗

j̃
Sk̃ + y

H
d Gĩpĩ,j̃Sk̃

}
−
∣∣ηĩSk̃ ∣∣2 − ∥∥∥Gĩpĩ,j̃Sk̃∥∥∥2} . (11)

It can be shown that in the general case, the complexity of
the MLD based on (10) is O(2bt+br+bmMs(Mr + D)). When
the TZF is employed, the complexity of the simplified MLD
based on (11) is O(2bt+br+bm (MsD+ 1)).

B. SUB-OPTIMAL DETECTION
From the above analysis, we can see that the complexity of
the MLD can be extreme, when bJ = bt + br + bm is
relatively high. Therefore, this section motivates to propose
the SOD algorithms of relatively low complexity. Specifi-
cally, we propose two SOD algorithms, namely the two-stage
SOD and three-stage SOD. As detailed below, both the SODs
estimate the RSM symbol at the first stage. Then, based on the
estimated RSM symbol, the two-stage SOD jointly estimates
the TSM and APM symbols. In order to further reduce the
detection complexity, the three-stage SOD also detects the
TSM and APM symbols separately, which detects the APM
symbol at the second stage, and the TSM symbol at the final
stage. Let us now provide the details.

As above-mentioned, for both the SODs, the first stage tries
to detect the RSM symbol. This is achieved by identifying
the RA that outputs the highest power among the Mr RAs
for RSM. Correspondingly, the detection problem can be
described as

ĵ = argmax
j̃∈J

{∣∣∣yj̃∣∣∣2} . (12)

Having detected the RSM symbol, then, for the two-stage
SOD, the TSM and APM symbols can be detected by solving
the optimisation problem stated as〈
î, k̂
〉
= argmax

ĩ∈I, k̃∈K

{
2<

{
ηĩy
∗

ĵ
Sk̃ + y

H
d Gĩpĩ,ĵSk̃

}
−
∣∣ηĩSk̃ ∣∣2 − ∥∥∥Gĩpĩ,ĵSk̃∥∥∥2} . (13)

By contrast, in the three-stage SOD, the TSM and APM
symbols are separately detected, with the APM symbol
detected at the second stage followed by detecting the TSM
symbol at the third stage. Specifically, after knowing ĵ
from (12), we can make use of the observation attained from
the ĵth RA to detect the APM symbol Sk as

k̂ = argmin
k̃∈K

{∣∣∣yĵ − η̄Sk̃ ∣∣∣2} , (14)
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where η̄ represents the time-averaged value of ηi. With the aid
of the related results in [20], we can obtain that η̄ =

√
Ms.

To this point, the receiver has the estimates of ĵ and k̂ ,
as shown in (12) and (14). Hence, at the third stage, the index
of the activated transmit pattern for the TSM symbol can be
detected as

î = argmin
ĩ∈I

{∥∥∥yd − Gĩpĩ,ĵSk̂∥∥∥2}
= argmax

ĩ∈I

{
2<

{
yHd Gĩpĩ,ĵSk̂

}
−

∥∥∥Gĩpĩ,ĵSk̂∥∥∥2} . (15)

From (12) and (13), we can derive that the computational
complexity of the two-stage SOD is O(Mr + 2bt+bm (MsD+
1)), where the first term is contributed by the detection of the
RSM symbol, while the second term is by the joint detection
of the TSM and APM symbols. Explicitly, the two-stage SOD
has lower complexity than the joint MLD of (11), especially
in the case when the value of Mr is relatively high. The
complexity of the three-stage SOD can be readily analysed
from (12), (14), and (15), and is given by O(Mr + Mm +

2btMsD), which is further reduced in comparison to the two-
stage SOD.Aswe know, the decrease of detection complexity
is in general accompanied with the distinct degradation of
detection performance, i.e., the increase of BER. However,
as demonstrated by our performance results in Section VI,
the performance difference between the MLD and two-stage
SOD, and that between the two-stage and three-stage SODs
are very small in most cases interested.

V. ERROR PERFORMANCE ANALYSIS OF JSM SYSTEMS
In this section, we analyse the average bit error probabil-
ity (ABEP) of the proposed JSM systems employing the
MLD, which gives the upper-bound performance of the JSM
systems with other detection algorithms. In our analysis,
we assume that the channels from any TAs to any RAs are
independent and experience flat Rayleigh fading. Further-
more, the involved channels are independent with respect
to the JSM symbol rate, while time invariant within each
JSM symbol period. In order to provide comprehensive and
insightful analysis, we consider two specific scenarios. In
the first scenario, we assume that the number of activated
TAs is finite, and derive the approximate ABEP. By contrast,
in the second scenario, we derive the asymptotic ABEP of
the JSM system, when assuming that the number of activated
TAs is infinite.

Our analysis starts with the general formula for the ABEP
of the JSM system. With referring to the analysis in [30],
the ABEP PB of the proposed JSM system can be formulated
as

PB = κEW

 2bt∑
i=1

2br∑
j=1

2bm∑
k=1

2bt∑
ĩ=1

2br∑
j̃=1

2bm∑
k̃=1

DH

(
〈i, j, k〉, 〈ĩ, j̃, k̃〉

)

× PPE
{
〈i, j, k〉, 〈ĩ, j̃, k̃〉

} , (16)

where κ = (bJ2bJ )−1, EW [·] is the expectation with respect
to the fading channels W , DH(φ,ψ) is the Hamming dis-
tance between the equivalent bit representations of φ and
ψ , while PPE{〈i, j, k〉, 〈ĩ, j̃, k̃〉} denotes the pairwise error
probability (PEP) between the symbols determined by 〈i, j, k〉
and 〈ĩ, j̃, k̃〉, which is the probability of detecting 〈ĩ, j̃, k̃〉,
when given that 〈i, j, k〉 are actually activated. From (16),
we can know that simplification of the PEP is very hard and
in general, the closed-form formulas for PB is not available.
In order to obtain simplified but still insightful analytical

expressions, below we consider the union-bound [29]. In this
case, the ABEP of (16) can be upper-bounded as

PB ≤ κ
∑
〈i,j,k〉

∑
〈ĩ,j̃,k̃〉

DH

(
〈i, j, k〉, 〈ĩ, j̃, k̃〉

)
× EW

[
PPE

{
〈i, j, k〉, 〈ĩ, j̃, k̃〉

}]
, (17)

where EW [PPE{〈i, j, k〉, 〈ĩ, j̃, k̃〉}] denotes the average pair-
wise error probability (APEP), obtained via averaging the
PEP over the possible channel realisations ofW .

For a givenW , when the MLD of (10) is utilised, the PEP
between the symbols determined by 〈i, j, k〉 and 〈ĩ, j̃, k̃〉 can
be derived as

PPE
{
〈i, j, k〉, 〈ĩ, j̃, k̃〉

}
= Pr

{∥∥∥y−W iP iejSk
∥∥∥2 > ∥∥∥y−W ĩP ĩej̃Sk̃

∥∥∥2}
= Pr

{
2<

{(
W ĩpĩ,j̃Sk̃ −W ipi,jSk

)H
z
}

>

∥∥∥W ipi,jSk −W ĩpĩ,j̃Sk̃
∥∥∥2}

= Q

(√∥∥∥W ipi,jSk −W ĩpĩ,j̃Sk̃
∥∥∥2/ (2σ 2

))

= Q

(√
ζ + ξ

2σ 2

)
, (18)

where Q(x) denotes the Gaussian Q-function defined as

Q(x) = 1
√
2π

∫
∞

x e−
t2
2 dt , ζ = ‖ηiejSk − ηĩej̃Sk̃‖

2 and

ξ = ‖Gipi,jSk − Gĩpĩ,j̃Sk̃‖
2. When substituting (18) into (17),

we have the general APEP expressed as

EW [PPE{〈i, j, k〉, 〈ĩ, j̃, k̃〉}] = EH,G

[
Q

(√
ζ + ξ

2σ 2

)]
. (19)

In order to simplify (19), we exploit the tight upper-bound
introduced in [31] for the Q-function, which is Q(x) ≤
exp(−2x2)/6+exp(−x2)/12+exp(−x2/2)/4. Then, the PEP
of (18) can be re-formulated as

PPE
{
〈i, j, k〉, 〈ĩ, j̃, k̃〉

}
≤

3∑
n=1

αn exp
(
−
ζ+ξ
γn

)
, (20)

where, according to the approximation, α1 = 1
6 , α2 =

1
12 , and

α3 =
1
4 , while γn = τnσ

2, associated with τ1 = 1, τ2 = 2,
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and τ3 = 4. Substituting (20) into (19), we have

EW [PPE{〈i, j, k〉, 〈ĩ, j̃, k̃〉}] ≤ EH,G [1(ζ, ξ)] , (21)

where 1(ζ, ξ ) is defined as 1(ζ, ξ ) =
∑3

n=1 αne
−(ζ+ξ )/γn .

Finally, upon substituting (21) into (17), the ABEP of the JSM
system satisfies

PB ≤ κ
∑
〈i,j,k〉

∑
〈ĩ,j̃,k̃〉

DH

(
〈i, j, k〉, 〈ĩ, j̃, k̃〉

)
EH,G [1(ζ, ξ)].

(22)

Let us express Gi and Gĩ respectively as Gi = GAi and
Gĩ = GAĩ, where Ai and Aĩ are constituted by the columns
chosen from the identity matrix IMt , based on the ith and ĩth
transmit-antenna patterns. Using the assumption that H and
G are independent, and with the aid of the moment generating
function (MGF) approach [29], the expectation at the right-
hand-side (RHS) of the inequality (21) can be simplified as

EH,G [1(ζ, ξ)]

= EH

[
3∑

n=1

αn exp
(
−
ζ

γn

)
EG

[
exp

(
−
ξ

γn

)]]

= EH

 3∑
n=1

αn exp
(
−
ζ

γn

)

× EG

exp
−

∥∥∥G (Aipi,jSk − Aĩpĩ,j̃Sk̃)∥∥∥2
γn





= EH

[
3∑

n=1

αn exp
(
−
ζ

γn

)
EG

[
exp

(
−
‖Gυ‖2

γn

)]]

= EH

[
3∑

n=1

αn exp
(
−
ζ

γn

)(
γn

‖υ‖2 + γn

)D]
, (23)

where υ = Aipi,jSk − Aĩpĩ,j̃Sk̃ , and the last equation is
obtained by applying the MGF over the Rayleigh fading
channel G, which is given in [32].
Remark 1: In the high SNR region, when γ = 1/σ 2

→

∞ or σ 2
→ 0, by substituting γn = τnσ

2, (23) can be
approximated as

EH,G [1(ζ, ξ)] ≈ γ−DEH

[
3∑

n=1

αnτn
D

‖υ‖2D
exp

(
−
ζ

γn

)]
.

(24)

From (24), we can see that the D diversity antennas are
capable of providing D extra orders of receive diversity for
performance enhancement.

A. ANALYSIS OF APPROXIMATE ABEP
From (17) – (23), we can learn that the difficulty of deriving a
closed-from upper-bound lies in the calculation of the statis-
tical expectation shown in the last line of (23). WhenMs is a
finite number, the expressions of ηi, ηĩ, and υ are unable to

be further simplified, while the distributions of them are all
very complicated for further simplification [22]. Hence, in the
case of finite Ms, it is extremely hard (if not impossible) for
us to derive a closed-form expression for the ABEP upper-
bound. Therefore, in this paper, we introduce the Gamma
approximation (Gamma-Ap) approach [33] for deriving an
approximate APEP upper-bound.

Let us define ϑ = ζ +ξ . Then, with the aid of the Gamma-
Ap, we approximate ϑ as a Gamma distributed random vari-
able with a probability density function (PDF) [34] of

f (ϑ; λϑ , θϑ ) =
ϑλϑ−1

0 (λϑ )
θϑ
−λϑ e−ϑ/θϑ , ϑ ≥ 0, (25)

where the distribution parameters λϑ and θϑ are given
by [33], [34]

λϑ = (E {ϑ})2 /E
{
(ϑ − E {ϑ})2

}
,

θϑ = E
{
(ϑ − E {ϑ})2

}
/E {ϑ} . (26)

From our previous discussion, the analytical solutions to λϑ
and θϑ are hard to be mathematically derived. However,
the estimates to them can be easily obtained via Monte-Carlo
simulations. As declared in [33], only about 104 channel
realisations are required for achieving sufficiently reliable
estimation for λϑ and θϑ . Therefore, in our numerical com-
putations in Section VI, we use 104 Monte-Carlo simulations
to estimate the distribution parameters of the Gamma PDF
in (25). As shown by our results in Section VI, the Gamma-
Ap approach is highly effective for the error performance
evaluation.
With the aid of the Gamma PDF for ϑ , the expectation at

the RHS of (22) can be derived as

EH,G [1(ζ, ξ)]

=

∫
∞

0
1(ϑ) f (ϑ; λϑ , θϑ ) dϑ

=

3∑
n=1

∫
∞

0
αne−ϑ/γn

ϑλϑ−1

0 (λϑ )
(θϑ )

−λϑ e−ϑ/θϑ dϑ

=

3∑
n=1

αn

(
γn

θϑ + γn

)λϑ
, (27)

where the last equation is obtained due to the formula
of (3.326.2) in [35]. Upon substituting (27) into (22), the
approximate ABEP upper-bound can be expressed as

Papp,ubB = κ
∑
〈i,j,k〉

∑
〈ĩ,j̃,k̃〉

DH

(
〈i, j, k〉, 〈ĩ, j̃, k̃〉

)

×

3∑
n=1

αn

(
γn

θϑ + γn

)λϑ
. (28)

Let us now turn to analyse the asymptotic ABEP of the
JSM systems.
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B. ANALYSIS OF ASYMPTOTIC ABEP
Above we have derived the approximate ABEP upper-
bound for fixed and relatively small Ms value with the aid
of the Gamma-Ap. Alternatively, we can use the asymp-
totic analysis to derive a closed-from ABEP, by assum-
ing infinite number of antennas. From references [36], [37],
and also our results in Section VI, the performance
results usually converge fast, and the near asymptotic
results can be achieved by a moderate number of
antennas.

In the scenario of activating an infinite number of TAs
by each transmit pattern, we assume that Mt > Ms �

max{Mr ,D}. In this case, we have lim
Ms→∞

H iHH
i = MsIMr .

Therefore, the TZF preprocessing matrix shown in (6) con-
verges to

P i = ηiHH
i

(
H iHH

i

)−1
= HH

i /
√
Ms, (29)

which is in fact the transmitter matched-filtering (TMF) rely-
ing preprocessing scheme [38].

Applying the asymptotic result of (29), we can express ζ
and ξ in (18) as

ζ = Ms

∥∥∥ejSk − ej̃Sk̃∥∥∥2, (30)

ξ =

∥∥∥G (AiHH
i ejSk − AĩH

H
ĩ
ej̃Sk̃

)∥∥∥2/Ms. (31)

Accordingly, the expectation of (23) can be expressed as

EH,G [1(ζ, ξ)]

=

3∑
n=1

αn exp

−Ms

∥∥∥ejSk − ej̃Sk̃∥∥∥2
γn


×EH

EG
exp

−
∥∥∥G (BiHHejSk−BĩH

Hej̃Sk̃
)∥∥∥2

Msγn





=

3∑
n=1

αn exp
(
−
MsDjk
γn

)
EH

[
EG

[
exp

(
−
‖Gω‖2

γn

)]]
,

(32)

where by definition, Bi = AiAHi , Bĩ = AĩA
H
ĩ
, Djk =

‖ejSk − ej̃Sk̃‖
2, and ω = (BiHHejSk − BĩH

Hej̃Sk̃ )/
√
Ms.

Then, using the MGF approach to simplify EG [·], we sim-
plify (32) to

EH,G [1(ζ, ξ)] =
3∑

n=1

αn exp
(
−
MsDjk
γn

)

×EH

[(
γn

‖ω‖2 + γn

)D]
. (33)

Finally, substituting (33) into (22), the asymptotic ABEP
upper-bound of the JSM system can be formulated

as

Pasy,ubB = κ
∑
〈i,j,k〉

∑
〈ĩ,j̃,k̃〉

DH

(
〈i, j, k〉, 〈ĩ, j̃, k̃〉

) 3∑
n=1

αn

× exp
(
−
MsDjk
γn

)
EH

[(
γn

‖ω‖2 + γn

)D]
. (34)

Remark 2: In the high SNR region, rendering σ 2
=

1/γ → 0, the asymptotic ABEP upper-bound (34) can be
approximated as

Pasy,ubB ≈ κγ−D
∑
〈i,j,k〉

∑
〈ĩ,j̃,k̃〉

DH

(
〈i, j, k〉, 〈ĩ, j̃, k̃〉

)

×EH
[
‖ω‖−2D

] 3∑
n=1

αnτn
D exp

(
−
MsDjk
γn

)
. (35)

From (35) we can see that, usingD diversity RAs is capable of
achieving D orders of diversity for the large-scale JSM sys-
tems, which is in accordance with our previous observation
stated by Remark 1.

After careful investigation, we realised that the expectation
term in (34) is hard to be further simplified without imposing
approximation. Therefore, we again apply the Gamma-Ap
to simplify it. Let w = ‖ω‖2. Then, following the similar
procedures as shown in Section V-A, we can approximate w
as a Gamma distributed random variable with its parameters
expressed as λw and θw, respectively. In this case, the expec-
tation in (34) can be derived as

EH

[(
γn

‖ω‖2 + γn

)D]

≈

∫
∞

0

(
γn

w+ γn

)D wλw−1

0 (λw)
(θw)

−λw e−w/θwdw

(a)
=
(γn)

D (θw)
−λw

0 (λw)
eγn/θw

∫
∞

γn

(% − γn)
λw−1

%D
e−%/θwd%

(b)
=

√
(δn)

λw+D−1 eδn W−λw−D+1
2 ,

−λw+D
2

(δn) . (36)

Note that in (36), the equality (a) is obtained by applying the
variable substitution of % = w+γn, the equality (b) is derived
with the aid of the formula of (3.383.4) in [35], Wa,b (z) is
the Whittaker function defined by the formula of (9.220.4)
in [35], and δn = γn/θw. Finally, when substituting (36)
into (34), the approximated asymptotic ABEP upper-bound
of the JSM system is expressed as

Pasy,ubB ≈ κ
∑
〈i,j,k〉

∑
〈ĩ,j̃,k̃〉

DH

(
〈i, j, k〉, 〈ĩ, j̃, k̃〉

) 3∑
n=1

αne
−
MsDjk
γn

×

√
(δn)

λw+D−1 eδn W−λw−D+1
2 ,

−λw+D
2

(δn) . (37)

Below, we provide the numerical and simulation results for
the performance of the JSM systems.
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FIGURE 2. BER performance comparison of the JSM systems employing
respectively the MLD, two-stage SOD, and the three-stage SOD, when
communicating over Rayleigh fading channels.

VI. PERFORMANCE RESULTS AND DISCUSSION
In this section, we demonstrate and compare the bit error
rate (BER) performance of our proposed JSM systems with
the MLD, two-stage SOD, and the three-stage SOD, respec-
tively. Both numerical results evaluated based on formulas
and simulation results are provided. Note that in all figures,
the common system parameters are detailed on the top of the
figures, where NSSK stands forMr = N , and γb denotes the
average SNR per bit.

First, Fig. 2 compares the BER versus average SNR per
bit performance of the JSM systems employing the MLD,
two-stage SOD and three-stage SOD. Explicitly, the MLD
achieves the best BER performance among the three detec-
tors. In comparison with theMLD, the two-stage SOD results
in a remarkable performance loss, requiring about an extra
5 dB SNR to achieve the same BER of 10−4 as the MLD.
While benefiting a complexity reduction, the three-stage
SOD also experiences some performance loss in comparison
with the two-stage SOD. Nevertheless, the performance’s
difference between the two SODs is marginal, and is within
1 dB over the whole SNR range considered.

Second, in Figs. 3-6, we characterise the impact of the
system parameters of Ms, Mr , Mm and D on the error per-
formance of the JSM systems, when the MLD, two-stage
SOD and the three-stage SOD are respectively employed.
In Figs. 3-5, we demonstrate the effect of the number of bits
per symbol on the BER performance, via changing the num-
ber of bits delivered by the TSM, RSM or the APM symbol.
Specifically, in Fig. 3, Ms is increased from 4 to 8 and then
to 16, which corresponds to bJ = 6, 5 or 4. From the results of
Fig. 3, we can have the following observations. First, the BER
performance of the JSM systems improves as Ms increases.
This is due to the fact that the total number of bits per
symbol is reduced, and that the transmit diversity increases,
as Ms increases. Second, for the JSM systems employing
the MLD, as Ms increases, the BER improvement in the low
SNR region is more declared than that in the medium to high
SNR regions. The reason behind this can be explained as

FIGURE 3. BER performance of the JSM systems with the MLD, two-stage
SOD, and the three-stage SOD, when communicating over Rayleigh fading
channels.

follows. In the low SNR region, the performance of the JSM
systems is dominated by the TSM. Therefore, asMs increases,
significant performance improvement is observed due to the
transmit diversity. When the SNR increases, resulting in that
the TSM becomes sufficiently reliable, the BER performance
of the JSM system is then jointly determined by the TSM,
RSM and the APM. Correspondingly, the BER improvement
due to the increase of Ms become less significant. Third,
for the JSM systems with the two SOD schemes, the BER
performance improves significantly as Ms is increased from
4 to 8, while only slight improvement is observed, when Ms
is increased from 8 to 16. Finally, as shown in Fig. 3, with the
increase ofMs, the BER achieved by the two SODs becomes
more and more close to the BER attained by the MLD. This
is because the transmit diversity gain achieved by the JSM
systems increases, as the value ofMs is increased from 4 to 8
and then to 16, resulting in that the TSM symbol detected by
the two-stage and three-stage SODs becomes more reliable.

In Fig. 4, we depict the BER performance of the JSM
systems, whenMr for RSM is increased from 2 to 4 and then
to 8, which result in that the total number of bits per JSM
symbol bJ = 4, 5 and 6. From Fig. 4, we can explicitly see
that the performance gap between the SODs and the MLD
becomes bigger as Mr increases. In general, for the three
types of detectors considered, the BER performance becomes
worse, as Mr increases, i.e., as the number of bits per RSM
symbol increases. This is because, for a givenMs, the transmit
diversity decreases asMr increases. As seen in Fig. 4, for the
MLD, the error performance of the JSM systems with 4SSK
is slightly better than that of the JSM systems with 2SSK in
the high SNR region. This is because the 4SSK is capable
of enhancing more the QPSK’s BER performance than the
2SSK is, and the corresponding performance enhancement
can compensate for the performance loss caused by the
decrease of the transmit diversity, whenMr is increased from
2 to 4. As demonstrated in Fig. 4, the error performance of
the two SODs is very close to each other, which implies that
the APM symbol can usually be reliably detected, once the
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FIGURE 4. BER performance of the JSM systems with the MLD, two-stage
SOD, and the three-stage SOD, when communicating over Rayleigh fading
channels.

RSM symbol is correctly detected. Furthermore, Fig. 4 shows
that, when the two-stage or three-stage SOD is employed,
the performance loss generated by the increase of Mr from
4 to 8 is much more significant than that resulted from the
increase of Mr from 2 to 4. The reason behind is that, when
given Ms = 8, there is still sufficient transmit diversity for
detection of the RSM symbol, whenMr = 4. However, in the
case ofMr = 8, there is no transmit diversity anymore, hence
making the detection of the RSM symbol less reliable.

In Fig. 5, we characterise the impact of Mm on the BER
performance of the JSM systems, by increasingMm from 4 to
16 and to 64, resulting that bJ = 5, 7 and 9. Observing Fig. 5,
we can find that the error performance of the JSM systems
employing any type of detector degrades significantly, asMm
increases. Furthermore, the performance loss of the three-
stage SOD against that of the MLD or the two-stage SOD
becomes more significant, asMm increases, while the loss of
the two-stage SOD against that of theMLD is marginal, when
Mm is increased from 4 to 16 and to 64. The above observa-
tions occur due to the fact that, when Mm is relative large,
the system’s BER performance is dominated by the detec-
tion of the APM symbol. Additionally, when the three-stage
SOD is employed, we observe that the BER performance
curves appear error floors in the high SNR region, when the
16QAM or 64QAM is used. This observation is due to the
detection errors introduced during the second stage detec-
tion, when the modulation scheme of 16QAM or 64QAM is
employed.

In Fig. 6, we demonstrate the BER performance of the
JSM systems employing the three types of detectors, when
the number of diversity antennas D equals 1, 2, and 4,
respectively. Explicitly, the error performance of the JSM
systems improves as D increases. For the JSM systems with
a given number of diversity antennas, the MLD achieves the
best BER performance, while the performance achieved by
the two-stage SOD converges to that of the MLD as SNR
increases. This is because the detection of the RSM symbol

FIGURE 5. BER performance of the JSM systems with the MLD, two-stage
SOD, and the three-stage SOD, when communicating over Rayleigh fading
channels.

FIGURE 6. BER performance of the JSM systems employing the MLD,
two-stage and three-stage SODs, when communicating over Rayleigh
fading channels.

becomes highly reliable, when the SNR is sufficiently high,
making the overall BER performance mainly dominated by
the joint detection of the TSM and APM symbols. When
comparing the BER performance of the two SODs, we can
see that the performance difference between them becomes
smaller and smaller, as D is increased from 1 to 2 and then
to 4. This observation explains that using more diversity
antennas is beneficial to the TSM symbol’s detection in the
three-stage SOD, resulting in that the joint detection in the
two-stage SOD and separate detection in the three-stage SOD
achieve similar performance.

From Figs. 3-6, we are implied that onceMt , (Mr +D) and
bJ are given, there exists an optimal selection for bt , br and
bm, which results in the best BER performance. To demon-
strate this, in Fig. 7, we let Mt = 32, Mr + D = 10,
and bJ = 6, and depict the BER performance results of the
JSM systems with various selections of bt , br and bm, when
utilising the MLD detection. In order to achieve the different
combinations of bt , br and bm, we set Ms ∈ {4, 8, 16},
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FIGURE 7. Comparison of the BER performance of the JSM systems
employing MLD, when communicating over Rayleigh fading channels.

Mr ∈ {2, 4, 8}, and Mm ∈ {2, 4, 16}. For the clarity of
presentation, the different selections of bt , br and bm, and
the corresponding Ms, Mr , and Mm values are all detailed
in Fig. 7.

From the results shown in Fig. 7, we can see that the
best BER performance is achieved, when the JSM system
is configured as bt = 3, br = 1 and bm = 2. In this
case, the TSM symbols, whose detection reliability domi-
nates the detection performance of the JSM system, can be
more reliably detected than in the other cases. Moreover,
when increasing the number of bits delivered by the TSM
symbol, the performance loss given by the RSM and APM
detection is marginal, when compared with the other cases.
By comparing the BER performance of the JSM systems
having the same bt , we can observe that a smaller value of
br yields a better BER performance. This is because both
the transmit and receive diversity increases, as br , i.e., Mr
decreases, resulting in more reliable joint detection of the
TSM, RSM, and APM symbols.

Having demonstrated the BER performance obtained by
simulations for the JSM systems with various detection
schemes, let us now show the approximate ABEP upper-
bound (UB) of (28) in Fig. 8 and the asymptotic ABEP-
UB of (37) in Fig. 9. Both of them are accompanied by the
simulation results for their validation. As shown in Fig. 8,
we set Mt = 8, Ms = 4 for the regular-scale JSM system,
while in Fig. 9, we setMt = 128,Ms = 64 for the large-scale
JSM system. The other parameters for system configurations
are detailed in the figures.

From the results shown in Figs. 8 and 9, we can attain the
following observations. First, for both the regular-scale and
large-scale JSM systems, as shown by the simulated BER and
the corresponding UB (approximate/asymptotic), the BER
performance becomes better, as D increases. Straightfor-
wardly, this is because the receive diversity gain becomes
larger as D increases. Second, although the asymptotic UBs
are witnessed to be tighter than the approximate UBs in
the low SNR region, the approximate and asymptotic UBs

FIGURE 8. Comparison between the simulated BER and the approximate
ABEP upper-bound (UB) for the JSM systems with MLD, when
communicating over Rayleigh fading channels.

FIGURE 9. Comparison between the simulated BER and the asymptotic
ABEP upper-bound (UB) for the JSM systems with MLD, when
communicating over Rayleigh fading channels.

for all the cases are in general reasonably tight. Hence,
we can be convinced that both the MGF and the Gamma-Ap
approaches are effective for deriving the approximate ABEP-
UB of (28) and the asymptotic ABEP-UB of (37). Third,
with the increase of D, both the approximate ABEP-UB and
the asymptotic ABEP-UB become tighter. The reason behind
this is that, when D increases, more independent Gaussian-
noise like observations are generated, making the approxima-
tion implemented by utilising the Gamma-Ap approach more
effective.

Based on the above observations, we can be implied
that both the approximate ABEP-UB and the asymptotic
ABEP-UB derived in Section V can be applied to predict
the BER performance of the JSM systems, provided that the
SNR is sufficiently high, resulting in that the BER is about or
below 10−2.

VII. SUMMARY AND CONCLUSIONS
We proposed and studied a JSM system, which transmits
information via exploiting the degrees of freedom jointly pro-
vided by the indices of transmit patterns, indices of RAs, and
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the conventional APM. In the proposed JSM systems, extra
RAs were utilised to provide receive diversity. Hence, when
properly designed, the JSM system is capable of achieving
transmit diversity, receive diversity, and multiplexing gain.
In this paper, the transmitter preprocessing based on TZF was
employed for principle description and performance analy-
sis. Explicitly, other types of preprocessing schemes can be
employed. In order to facilitate the implementation of the
JSM systems at different complexity levels, we proposed and
investigated two types of detectors, namely the joint MLD
and SOD. Furthermore, two SODs were proposed, which
are the two-stage SOD and three-stage SOD. To gain insight
into the system performance, we analysed the approximate
and asymptotic ABEP of the JSM systems employing MLD,
and correspondingly the analytical results were derived, when
both the regular- and large-scale JSM systems were assumed.
Our simulation results demonstrated that the MLD is capable
of achieving the best error performance among the three
detection schemes. However, the performance achieved by
the two SODs converges to that of theMLD as SNR increases.
Moreover, in most cases of practically interested, the per-
formance loss of the three-stage SOD against that of the
two-stage SOD is marginal. Finally, by conducting the com-
parisons between the simulated BER and numerical ABEP
results, the analytical expressions derived in Section V were
validated. Our studies in this paper demonstrate that the JSM
is highly flexible for implementation and online configu-
ration, according to the communications environments as
well as the constraints on performance and implementation
complexity.
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